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Starting from the uniform disk current model, an analytical solution for the electromagnetic pulse axial energy radiation is derived 
and a physical meaning then given to the axial energy propagation characteristics of a unit antenna. From this solution, a 
point-source approximation model in the time domain is introduced. Parameters such as the energy propagation characteristics 
and beamwidth of the electromagnetic pulse beam radiating from arrayed antenna are analyzed theoretically. An arrayed transient 
electromagnetic pulse generator is developed incorporating a 23×16 ultra-wideband tapered slot antenna integrated with a Blum-
lein formation line and photoconductive semiconductor switch. Experiments performed over a 2.5 km range confirm that the ar-
rayed transient electromagnetic pulse can propagate in free space with the specified waveform. Moreover, the field components 
can be superposed in phase, and the radiation beam can be focused into a single pulse. Results from calculations are in agreement 
with experimental results within the measurement uncertainties. 
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The ongoing developments of telecommunication and the 
ever-increasing demand on radio frequency spectrum re-
sources have led to the development of ultra-wide band-
width electromagnetic technologies. This has once again 
forced the development of electromagnetic pulses in the 
time domain [1,2]. For this, the key technologies and issues 
are: (1) An electromagnetic pulse generator with high peak 
power, low trigger jitter, fast response and long life time. 
Because of the difficulties in limiting trigger jitter to pico-
second-levels, superimposing the pulses power from an ar-
rayed generator is hard; (2) Microwave devices with ul-
tra-wide bandwidth. To use electromagnetic pulse resources 
in the time domain, electromagnetic pulses should remain 
undistorted in intensity, propagation, and reception. Ul-
tra-wide bandwidth circuitry and devices must work over 
low to high frequency ranges; and (3) Basic theoretical re-
search on the characteristics of the radiation and propaga- 
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tion of the transient electromagnetic pulses. On the one 
hand, the theory of antenna in the time domain presumes 
that the antenna theory in the frequency domain poorly de-
scribes the characteristics of antenna in the time domain; 
introducing new parameters and new theories are necessary. 
On the other hand, electromagnetic theory presumes that 
transient electromagnetic pulses are characterized by slow 
energy decay, spatial superposition of field components and 
beam focusing. These characteristics are distinct from those 
of radiation and propagation of continuous sine waves. Over 
the past thirty years, significant work has been performed in 
these key technologies and much progress have been made 
in important theoretical and technological developments 
such as photoconductive semiconductor switches (PCSS) 
[3–9], antenna theory and technology in the time domain 
[10,11], and some applied basic theories such as the propa-
gation theory of arrayed transient electromagnetic pulses 
and some key technologies [12–15]. The results of all this 
research have been used for ground penetrating radar [16], 
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high power microwaves [9,17], THz technology [7,18], and 
biomedicine [19,20]. 
Based on the analytical current-model solution for a tran-
sient electromagnetic pulse radiating from a uniform disk, 
the physical nature of the axial energy propagation charac-
teristics radiating from a unit antenna is given. A 
point-source approximation model in the time domain is 
introduced and the electromagnetic pulse beam width and 
energy propagation characteristics of the arrayed antenna 
are analyzed theoretically using this model. As a result of 
breakthroughs in key technologies, such as the lifetime of 
high-power PCSS [21–23], we developed a 23×16 arrayed 
electromagnetic pulse generator that employs laser excita-
tion synchronization techniques via focused beam splitter, 
optoelectrical synchronizers, opposed-surface ultra-wideb- 
and antennas integrated with a Blumlein formation line and 
a miniature pulsed high-voltage power supply. This pulse 
generator was used in carrying out experimental measure-
ments over a distance of 2.5 km. We confirmed that the 
radiated transient electromagnetic waves can be transmitted 
in free space with characteristics including slow energy de-
cay, in-phase superposition, and beam focusing. 
1  Analysis of the propagation characteristics of 
transient electromagnetic pulse beams 
1.1  Analytical solution of electromagnetic pulse radi-
ating from a unit antenna 
Consider a bow-tie antenna fed with a transient electric 
pulse. In [22,24] the electric field in the polarization direc-
tion (shown in Figure 1(a)) was shown to be approximately 
equivalent to the radiation field from a time-varying current 
j(t) distributed uniformly along one direction. Similarly, the 
electromagnetic radiation from a parabolic antenna (shown 
in Figure 1(b)) fed with a bow-tie antenna located at the 
parabolic focus is approximately equivalent to radiation 
from a time-varying current j(t) distributed uniformly along 
one diameter of a disk with the same aperture. According to 
this abstract model, radiation from antennas can be simply 
modeled as electromagnetic radiation from a time-varying 
current j(t) distributed uniformly along the same direction. 
Under this assumption, parabolic antenna radiation is seen 
as radiation from a time-varying current distributed uni-
formly along the disk. The axial energy can be calculated 
according to Maxwell’s equations and written as 
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Figure 1  Uniform disk current model for analyzing unit antenna. (a) 
Physical model of a bow-tie antenna; (b) physical model of parabolic an-
tenna; (c) circular radiating antenna model. 
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the antenna aperture is 2l, f(t) is the electrical pulse wave-
form radiated from the antenna, and c is the velocity of light 
in a vacuum. From eq.(1), we can conclude that the radia-
tion from a radiating circular antenna is composed of two 
transient electromagnetic pulses, one radiating from the 
circle center and the other from a random point on the cir-
cumference. Within time interval Δt, the energy of a unit 
cross-sectional area flowing through axial point z is equal to 
the sum of Poynting-vector integrations with respect to time 
of the two transient pulses, minus their interference. Thus, 
the axial energy of the antenna radiates in three propagation 
regimes depending on propagation distance: energy invari-
ance, slow decay, and rapid decay [24]. When z>>l, we can 
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which is just the decay law for energy radiating from a point 
source antenna in the far-field region. Thus, in this region, 
we can treat the unit antenna as a radiating point-source. 
Furthermore, the focus wave mode theory [12] has shown 
that the transient electromagnetic pulse is propagating as a 
three-dimensional directed pulse in free space at the veloc-
ity of light. In this manner, the theoretical calculation of the 
electromagnetic pulse radiation from an antenna array can 
be described as the spatial superposition of radiation from 
each point-source antenna. 
For an antenna element, the far-field region is defined by 
propagation distances zy>l2/cT; for pulses of width T=1.8 ns, 
zy>0.0417 m given aperture 2l=0.3 m, so even at this rather 
close distance, we can treat the unit antenna as a radiating 
point source. 
1.2  Point-source approximation model 
From the physical interpretation of eq. (1) and focus wave 
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mode theory, the point-source approximation model in time 
domain can be summarized as (1) the transient electromag-
netic pulse is propagating out as a three-dimensional pulse 
in free space; (2) the field component amplitude of the tran-
sient electromagnetic pulse is inversely proportional to its 
propagation distance; (3) at a specific measurement point, 
the radiation from a m×n antenna array can be regarded as 
the superposition of field components radiating from m×n 
point-source antennas; (4) within a time t, the electromag-
netic pulse energy flowing through the measurement point 
is proportional to the temporal integration of the square of 
the field component of the composite pulse, which is a su-
perposition at this point of pulses from all point sources; 
and (5) the couplings among the point- source antenna units 
are ignored. 
According to the point-source approximation model, the 
time-domain waveform of the electromagnetic pulse from 
the antenna array at the measurement point is 
 0 0
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where (xi,yj,0) is the coordinate of the element located in the 
ith row and jth column of the array, and the measurement 
point coordinate is (x,y,z). In addition, E0 is the electric field 
radiated from unit antenna at the furthermost axial point 
r0(0,0,z0) within the energy invariance regime, while 
f(t−rij/c,Ω) is the advanced waveform function at angular 
angle Ω given time t and distance rij from the array center 
defined by 
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From eq. (4), the ratio of the pulse energy flowing 
through the measurement point z to that at the reference 
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1.3  Point-source approximation model calculations of 
beam parameters of the electromagnetic pulse 
(1) Weak coupling condition between array elements in the 
time domain Assume the full-width at half-maximum 
(FWHM) of the electromagnetic pulse from unit antenna is 
T and the spacing between antenna units is d. According to 
the Rayleigh criteria on the minimum distinguishable dis-
tance between two transient electromagnetic pulses in op-
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Under this weak coupling condition, the minimum spacing 
between the elements can be calculated using eq. (7) given 
T. If the minimal coupling condition is satisfied, the density 
of the array can be increased if the elements are arranged in 
an alternating pattern. 
(2) Energy propagation characteristics of transient elec-
tromagnetic pulse beams A “three-regime” propagation is 
the universal rule followed by transient electromagnetic 
pulse energy propagation [24], and also by pulse from an 
antenna array. Assume the aperture of the antenna array is 
2l. If the electromagnetic pulse radiating from the array is 
propagating in the near-field region, the propagation dis-
tance is small; if the maximum time difference Δt among 
pulses successively arrive at the measurement point is larger 
than T, that is 
 2 2 ,z a z cT+ − ≥  (8) 
pulses radiating from each of the elements will either pass 
the measurement point z independently or only partially be 
in-phase and superimpose at z. The beam width of the pulse 
radiating from the array will then be wide at z, the energy 
will remain constant or approximately so over a certain 
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that determines the energy-invariance distance range. 
If the propagation distance is increased to the near-    
intermediate-field region, the maximum time difference Δt 
among pulses successively arrive at z decreases gradually. 
When the time difference is smaller than T but still larger 
than the rise time τ of the radiated pulse of unit antenna, we 
have constraint 
 2 2 .c z a z cTτ ≤ + − ≤  (10) 
According to the Raleigh criterion, the two transient elec-
tromagnetic pulses just lie between being distinguishable 
and indistinguishable under this constraint. Increasing z 
decreases the time difference Δt, so that more elements will 
contribute to the composite electromagnetic pulse, with a 
pulse width that is rapidly reduced. However, the electric 
field from each of the elements is inversely proportional to 
distance z according to the point-source approximation 
model. The two effects result in a superimposed pulse that 
is characterized by a slow energy decay, the decay falling 
off slower than z–2 but faster than z–1, and hence 
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corresponding to the slow energy decay distance criteria. In 
practice, the physical nature of this slow energy decay stems 
from the in-phase superposition of the pulses from each of 
the elements in conjunction with energy decay of z–2. 
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Further, increasing the propagation distance into the 
far-intermediate-field region, the time difference Δt be-
comes smaller than the rise time τ, that is 
 2 2 .z l z cτ+ − ≤  (12) 
The electromagnetic pulses from each of the elements 
can be regarded as “fully” superimposed forming a single 
transient electromagnetic pulse, the superposition remaining 
almost constant with continued increase in propagation dis-
tance. Thus, in this range, the pulse width from this array 
will remain constant and correspond to the electromagnetic 
pulse width of the unit antenna. In addition, the energy of 
this superimposed electromagnetic pulse is inversely pro-
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which provides the range condition for the rapid energy 
decay distance. 
According to the point-source approximation model and 
the Rayleigh criteria, distance criteria for the three propaga-
tion regimes, energy invariance, slow decay, and rapid de-
cay, are given in eqs. (9), (11), and (13), respectively. These 
are in good agreement with [22,24] where the results were 
analytically derived from Maxwell’s theory of electromag-
netism. However, the above analysis indicates that the 
characteristics of the three regimes are the result of pulse 
superposition from each of the elements, which is in con-
trast to the suggestive “intrinsic characteristics” of continu-
ous electromagnetic waves. Both the continuous electro-
magnetic waves and the transient electromagnetic pulses 
must obey the classical Maxwell theory. It should be noted 
that the distance criteria for energy invariance, slow decay 
and rapid decay are theoretical results obtained according to 
their respective physical assumptions. In fact, these are con-
tinuous criteria and there is no clear separation between 
them. 
(3) Radiation patterns of transient electromagnetic pulse 
beams in the time domain. For an antenna waveform in the 
time domain, the frequency spectrum is rather rich and there 
are major differences in patterns and gains for different fre-
quencies. These parameters are inconvenient to use in the 
frequency domain to describe the spatial energy distribution 
of the arrayed transient electromagnetic pulses, but also, the 
energy density is difficult to describe at the target position. 
For this reason, we introduce the radiation pattern in the 
time domain based on the point-source approximation 
model for the arrayed antenna. A half-power beamwidth is 
defined as the angular separation θ1 of the points where the 
superimposed field density drops to 70.7% of the maximum 
value at the central axis for the same distance z. The pattern 
is defined as either the peak field component of the elec-
tromagnetic pulse or peak power as a function of θ, where 
half of θ is the angle of the central axis of the superimposed 
pulse deviation from the central axis of the array for the 
same distance. 
According to the point-source approximation model and 
the Rayleigh criteria, the half-power beam width of the 
electromagnetic pulse beams should satisfy: 
 1 arcsin .0.707
cT
l
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Clearly from eq. (14), the beam width is reduced if the ap-
erture of the array is increased under a specific arrangement 
of elements. The focusing property of the superimposed 
transient electromagnetic pulse beam from array can, there-
fore, be easily understood. 
2  The arrayed transient electromagnetic pulse  
generator 
Figure 2 shows the configuration of the arrayed transient 
electromagnetic pulse generator. This works as follows: the 
two TTL signals from an optoelectrical synchronization 
device are used to control the trigger time of the laser and 
the high-voltage pulsed power supply. By controlling the 
time delay between the two level signals and as the pulsed 
high-voltage bias on the PCSS reaches its peak amplitude, 
the PCSSs are excited simultaneously, to within a synchro-
nization accuracy of ps, by the n laser beams from the 
1-to-n focused beam splitter. The high-power and 
high-stability transient electrical pulses are generated from 
the PCSSs. These high-power transient electrical pulses 
after reshaping by the Blumlein formation lines were fed to 
an ultra-wide bandwidth antenna array to form the 
high-power ultra-wide bandwidth electromagnetic pulse 
beam. The propagation characteristics of the electromag-
netic pulses were measured using an ultra-wide bandwidth 
receiving antenna. 
A miniature high-voltage pulsed power supply was de-
veloped by employing back-scanning charging transforma-
tion technology [25]. The precision in the delay time be-
tween the two TTL signals from the optoelectrical synchro-
nization device is 1 μs, the maximum time delay being 1 ms 
[26]. The joins of the focusing beam splitter were connected  
 
Figure 2  Configuration for the arrayed transient electromagnetic pulse 
generator. 
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in a hexagonal pattern, the laser energy is made uniform by 
a homogenizer before entering the beam splitter so that the 
energies within the beam splitter are uniformly distributed. 
The error in the time synchronization of the n laser pulses is 
less than 3 ps [27]. Figure 3(a) shows a 3 mm op-
posed-contact GaAs PCSS following a Rogowski-profile 
electrode; the improved Blumlein structure integrated with a 
PCSS is shown in Figure 3(b), the thickness of the single 
layer FR4 substrate being 1.5 mm, and the relative dielectric 
constant εr=4.2. The Blumlein line acts as a energy storage 
(energy storage capacitor), wave modulator (controlling the 
width of the electric pulses), and double circuit voltage 
transmission line. Figure 4 shows the configuration of the 
unified antenna based on PCSS integrated with Blumlein 
formation line and ultra-wideband tapered slot antenna. 
There are two layers of media for the radiation antenna, the 
two wings of the antenna are in an opposed arrangement on 
the front and back faces separately, as well as a part of the 
Blumlein transmission line. The ground plane of the Blum-
lein line is inserted between the two FR4 layers with a  
 
Figure 3  Geometry of a PCSS based on the Blumlein formation line. (a) 
GaAs PCSS following a Rogowski profile electrodes; (b) PCSS integrated 
with Blumlein.  
 
Figure 4  Unified geometry of the asymmetrical antenna.  
 
Figure 5  (a) Configuration of a subarray; (b) system consists of 4×4 
subarrays. 
thickness of 3 times the width of the transmission line. Both 
impedances of the tapered slot antenna (input) and the 
Blumlein formation line (output) are 40 Ω. Taking the 6 dB 
as a reference, the bandwidth of the radio emission of this 
unified antenna system is 240 MHz–2 GHz. The gain at the 
central frequency is 4 dBi. 
Figure 5(a) shows the structure of a subarray of the radi-
ating system. Each subarray includes 23 unified radiating 
antennas in a alternating arrangement. The dimension of the 
subarray is 1.8 m×1.8 m. The system shown in Figure 5(b) 
consists of 4×4 subarrays. 
3  The experimental measurements and analysis 
3.1  Tests and analysis on the waveform parameters of 
the transient electromagnetic pulses 
According to the point-source approximation model, the 
path differences among electromagnetic pulses radiated 
from the array elements gradually decrease as the measured 
axial distance z increases. These electromagnetic pulses are 
superimposed into an indistinguishable composite pulse. 
Therefore, the measured composite electromagnetic pulse 
width at the axial point is reduced by degrees and eventually 
tends to the width of a pulse radiating from a single element 
as measured from the experiment. 
Experimental results (shown in Figure 6) from the sys-
tem of Figure 5(b) show that, in the vicinity of axial dis-
tance z=50 m, the received pulse width has decreased rap-
idly. As the axial distance increases further, the width of the 
pulse is reduced and approaches the pulse width for a unit 
antenna of 1.8 ns (a typical received pulse for z>100 m is 
shown in Figure 6(a)). Figure 6(b) plots the calculated pulse 
waveform radiating from the experiment system at different 
axial distances z using the point-source approximation 
model. Figure 6(c) presents the experimental and computa-
tional pulse width from the 368 antenna array system de-
picted in Figure 5(b). In the far-field region, z>100 m, the 
calculated results from our model are in agreement with 
experimental measurements, confirming the validity of the 
point-source approximation model in analyzing the width of 
the electromagnetic pulse from this antenna array. The two 
results deviate over axial distances 30−50 m, possibly be-
cause the radiated pulse waveform in time domain will be 
different for antennas in different direction of E- or H- 
planes (which is not considered in our theoretical calcula-
tions); when axial distances are not so great, the trigger jit-
ter and field amplitude jitter of each of the elements will 
have significant impact on the array synchronization in 
time. Coupling between the radiating array and the receiv-
ing antenna was not taken into account; and the geometry 
but not effective aperture of the antenna array was used in 
theoretical calculations. 
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Figure 6  (a) The received electromagnetic pulse waveform at z=100 m; 
(b) the calculated pulse waveform at different axial distance; (c) measured 
and calculated pulse width from a 368 antenna array dependence on the 
axial distance z. 
3.2  Measurements and analysis on the energy  
propagation characteristics 
The axial energy as a function of axial distance from the 
4×4 subarray system both from experimental tests and 
theoretical calculations are shown in Figure 7. This features 
(1) the “three-stage” regimes of the superimposed electro-
magnetic pulse with axial distance: invariance, slow decay 
and rapid decay regimes; and (2) the good agreement, 
within the measurement uncertainties, of the experimen-
tally-measured distance ranges for invariance, slow decay 
and rapid decay regimes of the superimposed electromag-
netic pulses, with calculated results using eqs. (9), (11), and 
(13) obtained from the point-source approximation model 
(The electromagnetic pulse is approximated by a Gaussian 
function with pulse width T=1.8 ns, and antenna array ge-
ometry aperture 2l=7.8 m.). In the rapid decay regime, the 
theoretical results show that the energy is inversely propor-
tional to the squared distance whilst the experimental results 
indicate that the energy decay rate is z–3 , or even faster than 
z–3. This deviation can be explained by ground reflections in 
the far field (shown in Figure 8). 
Given the electromagnetic pulse waveform E0(z) radiated 
from a unit antenna, let E1(z) denote the reflected electro-
magnetic pulse waveform emanating from some point in the 
ground. Taking the half-wave loss of the ground reflection 
into consideration, the received time-domain waveform in 
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Figure 7  Array energy dependence on the axial distance.  
 
Figure 8  The ground reflection influence. 
 Cui H J, et al.   Chinese Sci Bull   June (2011) Vol.56 No.18 1963 





zr r h⎛ ⎞= = +⎜ ⎟⎝ ⎠ .  









2 e e .
2
h h t
c zct c zr
z t c r
α α−− =−  (16) 










α α−⎛ ⎞⎜ ⎟= −⎜ ⎟⎝ ⎠
 (17) 
To substitute eq. (16) into eq. (17) when t=t0, we can get 
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When there is ground reflection, we can conclude from 
eqs. (18) and (19) that the axial energy decay rate of arrayed 
transient electromagnetic pulse with z is faster than z–2, even 
faster to z–6, which is just the reason why the measured en-
ergy decay rate in Figure 7 is z–3 and the decay rate meas-
ured in literatures is z–4. Because of E(z)/E0 is rather sensi-
tivity to t0 in eq. (18), Figure 7 also gives the calculation 
results according to the experiment parameters and eq. (15). 
The calculation results agree well with the experiment re-
sults, it confirms that the energy decay rate of transient 
electromagnetic pulse with z is z–3, or even faster than z–3, 
which can be explained by the ground reflection.  
3.3  Tests and analysis on the beam focusing character-
istics of the transient electromagnetic pulses 
Detailed calculations and analysis on the focusing charac-
teristics of the transient electromagnetic pulses have been 
reported in [21]. Experimental tests on these characteristics 
are important as the angular resolution of radars is depend-
ent of the width of the transient electromagnetic pulses. 
The radiation patterns of the antenna array (shown in 
Figure 5(b)) in the H-plane have been measured experi-
mentally. During measurements, the receiving antenna is at 
the same height above ground as the array center. The data 
were collected at the receiver end and at regular intervals 
along a straight line that is vertical to the central axis and 
parallel to the plane of the antenna array, as well as to the 
right hand side of the array. Figure 9 shows the results of 
experimental measurements and computational results using 
 
Figure 9  Time domain pattern of a 368 antenna array. 
the point-source approximation model (no measurements 
were taken in the E-plane of the antenna array owing to 
experimental limitations). Figure 9 shows that the beam 
width of the electromagnetic pulse from the antenna array is 
far less than that from a unit antenna in the time domain. 
The beam width obtained from experiment agrees well with 
the calculated result within the uncertainty errors, confirm-
ing the beam-focusing characteristics of the transient elec-
tromagnetic pulses from the array, that in turn gives support 
to the point-source approximation model as a good model in 
calculations of electromagnetic pulse parameters of antenna 
arrays. 
4  Conclusions 
This paper has shown that (1) There exist three regimes, viz. 
invariance, slow decay, and rapid decay, in the arrayed 
transient electromagnetic pulse energy propagation. The 
fundamental physics of these three regimes is the result of 
energy superpositions in free space rather than the “intrinsic 
characteristics” independent of continuous electromagnetic 
waves; (2) the arrayed transient electromagnetic pulses ex-
hibited beam-focusing characteristics; and (3) the point- 
source approximation model based on transient electro-
magnetic pulses demonstrated sufficient precision and prac-
ticality in calculations of parameters of electromagnetic 
pulses radiating from a large antenna array under weak cou-
pling conditions. The parameter calculations presented in 
this paper were in good agreement with experimental meas-
urements. 
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